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ABSTRACT
Functional Characterization of the Novel Gene CIA7 from Chlamydomonas reinhardtii
(May 2018)

Hector Guillermo Gonzalez Cantu, B.A., Texas A&M International University;
Chair of Committee: Dr. Ruby A. Ynalvez

Heavy metal contamination presents a constant threat to biological systems. These
metals interact with the catalytic-domain of enzymes, interfering with their normal rates of
activity as well as inducing oxidative stress. Chlamydomonas reinhardtii is an excellent
model organism used in studies of heavy metals due to its high endogenous tolerance. In C.
reinhardtii, a novel gene, designated as CIA7, was isolated and hypothesized to confer
tolerance to heavy metals. This was due to CIA7’s conserved Cys-residue motif and its
homology in a number of bacterial metal binding proteins. This study aimed to demonstrate
what role CIA7 exerts on tolerance towards Cd2+ stress in C. reinhardtii. The hypothesis was
that the expression of CIA7 will contribute, at least in part, to an increased Cd-tolerance in C.
reinhardtii, described by physiological markers of health, as well as intracellular
accumulation of the metal. To functionally characterize CIA7: (1) comparative studies of
chlorophyll fluorescence and cell size in WT and cia7- in the presence of Cd2+, (2)
comparative studies of Cd2+ bioaccumulation in WT and cia7- strains in various growth
media, and (3) Cd2+ tolerance assays in WT overexpressing CIA7 were performed.
The cia7- strain was more susceptible to Cd2+ induced decreased chlorophyll
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fluorescence and reduced cell size than the WT, and no significant difference in
bioaccumulation was observed amongst the strains, although a significant effect of the
growth media on the concentration was observed. Approximately 200 WT pSL72cia7transformants were generated, which were subsequently preliminary screened for cadmium
tolerance. The characterization of CIA7 as a metal-binding protein would allow for its
potential use as a metal sequestering agent in environmental applications. Furthermore, a
correlation of heavy metal exposure to CIA7 expression could designate CIA7 as a biomarker
for heavy metal contamination.
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CHAPTER I
INTRODUCTION
1.1 Background
The environmental threat of heavy metal pollution has been well documented [18, 22, 33,
41]. Accumulation of heavy metals in nature occurs from emissions as well as other
environmental processes [22, 40]. However, the majority is due to anthropogenic activities
including mercury (Hg) contamination from gold mining, lead (Pb) used as a gasoline additive,
and cadmium (Cd) build-up in non-ferrous metal processing [22, 33, 40]. Unlike ions of other
metals such as iron (Fe), manganese (Mn) or copper (Cu), heavy metal ions don’t serve as
cofactors in metabolic pathways and are toxic at low concentrations [22, 16]. At present, no
endogenous biochemical mechanism could be identified to actively secrete heavy metal ions,
causing them to accumulate within cells. Furthermore, heavy metal ions can accumulate within
an organisms’ body as part of the food chain, a process called biomagnification [12]. In this case,
increased levels of heavy metals induce detrimental effects [28, 40]. Heavy metal toxicity is
attributed to non-specific binding to the catalytic domain of enzymes and to oxidative stress by
increasing the cellular concentration of reactive oxygen species (ROS) [40].
To study the deleterious effects of heavy metals, and elucidating their interactions in
biological systems, eukaryotic microalgae have been appropriate subjects [28]. Heavy metal
leachate’s final deposition points are often aquatic environments, where microalgae are widely
distributed and therefore exposed to these metals.
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Microalgae have evolved resistance mechanisms to certain concentrations of heavy metals, and
incorporate some heavy metals into their biochemical pathways [28].
It is this acclimatization that makes microalgae good candidates for heavy metal studies,
as they can survive relatively high metal concentrations, enabling for the heavy metal-induced
effects to be observed and analyzed. Chlamydomonas reinhardtii is a unicellular, biflagellate
green alga of the order Volvocales, which has served as a model organism for investigations in
photosynthesis and the eukaryotic motility by cilia and flagella [37]. C. reinhardtii has garnered
scientific interest in the context of heavy metal toxicity due to its broad range of heavy metal
resistance (mM) and tolerance [6].
Mechanisms of heavy metal tolerance in C. reinhardtii include its cell wall with multiple
functional group moieties which act as a primary defense as well as the insolubilization of metal
ions in complex with ligands and efflux from the cytosol [40, 16]. A coordinated, heavy metal
defense mechanism reported in C. reinhardtii is the synthesis of metal chelating-proteins or
peptides, with the subsequent expulsion from the cell. These molecules are enzymatically
catalyzed or genetically encoded, and possess a high-affinity, heavy metal specific ligand,
commonly a thiol (-SH) group [41]. Heavy metal-binding peptide synthesis has been shown to be
preferentially developed in microalgae and some fungi, offering these organisms a higher metal
tolerance [43]. The quantification of these biomarkers as well as assessing physiological
parameters has been reported as a method of assessing metal stress in organisms and
contamination of their ecosystems [1].
Genetic manipulation of C. reinhardtii has been shown to be successful in creating stable,
inherited phenotypes. Changes in the heavy metal biosorption capacity of C. reinhardtii have
been reported in genetically modified strains [3, 36, 31, 25, 13, 41, 16, 14, 24]. Transgenic lines
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bioaccumulate higher levels of metals and are more resistant to heavy metal stress. [16]. Due to
these molecular mechanisms, C. reinhardtii has been considered a potential candidate for
phytoremediation; the process of utilizing plants and algae to bioremediate
contaminated areas as well as a bioindicator agent for environmental heavy metal presence.
Novel gene CIA7, identified on the high carbon dioxide requiring C. reinhardtii mutant,
cc5013, is hypothesized to play a role in heavy metal tolerance or detoxification due to its
translational product’s amino acid sequence. The protein sequence of CIA7 contains a conserved,
repeated motif of four cysteine residues whose thiol functional group is hypothesized to chelate
heavy metals [46]. Sequence alignment reveals homology with highly conserved metal binding
domains in bacterial proteins [46]. Based on this observation, the goal of this study is to
investigate the role of CIA7 in C. reinhardtii, particularly which role it plays in C. reinhardtii’s
tolerance to metals. In elucidating the function of CIA7, comparative growth studies in metal
treatments were conducted, comparing a wild type strain (cc4425) against the mutant, (cc5013),
whose CIA7 gene had been disrupted using the plasmid 124s. Plasmid insertion confers
bleomycin resistance to cc5013.
This study (1) aimed to compare cell growth, cell viability, and chlorophyll concentration
between the two strains cc4425 and cc5013. The C. reinhardtii cells were grown under different
cadmium concentrations. Cd has been extensively reported in the literature in metal tolerance
studies in C. reinhardtii [16]. In reported studies of exogenous metallothionein gene expression
in C. reinhardtii, cadmium (Cd) was reported as an inducer. The generation and characterization
of Cd-resistant and hypersensitive C. reinhardtii mutants have also been reported in studies of
heavy metal tolerance [16, 19, 6]. This study (2) will determine Cd2+ accumulation of the two
strains using a bioaccumulation analysis. It is hypothesized that the expression of CIA7, due to
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its conserved cysteine residue motif, could be a molecular defense mechanism to attenuate heavy
metal toxicity, and its overexpression in C. reinhardtii would lead to a higher growth rate,
decreased metal bioaccumulation, and better viability when compared between the wild-type and
the mutant. In this regard, this study (3) also aimed to generate the pSL72cia7 construct (vector
with the CIA7 gene) and to transform C. reinhardtii strain cc4425 with the engineered construct.
This study (4) aimed to investigate the role of CIA7 in C. reinhardtii heavy metal resistance to
provide additional evidence to support the use of C. reinhardtii as a phytoremediating agent as
well as CIA7-expression as a biomarker for heavy metal contamination.
1.2 Heavy metal toxicity
Environmental levels of heavy metals have risen considerably due to anthropogenic
activity such as combustion of fossil fuels, mining, smelting, and agricultural runoffs [16, 22,
41]. Rises in heavy metals present a damaging threat towards human health, ecosystems and
aquatic biodiversity [30]. Rises in heavy metal in the ecosystem can also disrupt the geochemical
composition of specific areas by altering metal cycles. The capacity of heavy metals to
bioaccumulate and biomagnify along trophic levels in the food chain has also been linked as an
environmental concern of heavy metals in the environment [12]. Furthermore, heavy metals are
not biodegradable, and tend to accumulate in cells, which increases their chronic toxicity [47].
Although some heavy metals play important roles in physiological activities (Cu, Zn, and Fe),
others, such as Cd, Pb, and Hg are toxic to animal and plant cells at low concentrations [16].
The damage that heavy metals exert at the cellular level is complex, and targets different
mechanisms. A known symptom of heavy metal toxicity in cells is an increase in its oxidative
stress, reflected by an increase in reactive oxygen species (ROS) [33]. Reactive oxygen species,
due to their oxidative character, damage the stability of cellular structures and macromolecules
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by interfering with their non-covalent networking stability. An upregulation in antioxidant
enzymes in C. reinhardtii exposed to metal stress was reported in Jamers et al. (2013), while
Jiang et al. (2016) discovered that an increase in malondialdehyde, a marker of oxidative stress,
was seen in Cu-treated C. reinhardtii cells.
Heavy metals are also known to interfere and inhibit enzymatic activity. Enzymes whose
catalytic domain possess a sulfhydryl functional group are especially susceptible to deleterious
effects by heavy metals due to their high affinity resulting in irreversible binding [41].
Furthermore, heavy metals can interfere with metalloproteins or metal-protein complexes by
competing for the enzymes’ essential metal binding site. [40, 32].
1.3 Effects of metals on microalgae
Microalgae are amongst the first organisms affected by heavy metal contamination [7].
Although microalgae require trace amounts of heavy metals as enzymatic cofactors, higher
concentrations of these metals could induce deleterious effects [28, 7, 30]. Non-essential heavy
metals with no known physiological function, especially Pb, Cd, and Hg, are reported to be
highly phytotoxic, and thus, much of the heavy metal research in microalgae has been devoted to
these metals. The extent to which different metals and concentrations affect biochemical and
physiological parameters in microalgae is documented in literature [30, 4, 20]. Any metal ion in
an above optimal concentration can be toxic to microalgae, though, the extent of damage differs
depending on the metal species. Studies on heavy metal toxicity in microalgae demonstrate their
detrimental effects in morphological changes, photosynthesis impairments, growth inhibition as
well as bioaccumulation [28].
Morphological changes in heavy metal-treated microalgae are attributed to cell responses
due to a rise in oxidative stress [45]. Morphological changes were reported by Carfagna et al.
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(2013) where Chlorella sorokiniana was subjected to Pb and Cd at 250 µM. In the Pb-treated
cells, the algae grew as colonies of four or more cells, sharing a single cell wall. Chloroplasts
were reported to be deformed. In the Cd-treated cells, multivesicular bodies were observed in the
cells as well as damage to thylakoids. The colony-growth observation in the Pb-treatment was
attributed to disruptions in mitosis, whereas the multivesicular bodies in the Cd-treatment was
attributed to activation of an autophagic mechanism. Impairment in photosynthesis due to heavy
metals has been reported by Miazek et al. (2015), and the disruption of the chloroplast and
thylakoid structures in the Pb and Cd-treated cells, respectively, could contribute to a decrease in
the photosynthesis rate.
Heavy metals have also been documented to inhibit microalgae growth [28, 7, 30, 48].
Inhibition of growth is dependent upon the heavy metal present. Hg is amongst the most toxic
metals, with reports of 100% growth inhibition 2.5-5 mg/L in Chlorella sp. [28]. In Chlorella
sorokiniana, cell growth decreased significantly (P<.05) in both Pb and Cd-treatments, at 250
µM, Cd induced a higher inhibition in growth than Pb [7].
Chlorophyll damage and synthesis inhibition to microalgae is another consequence of
heavy metal contamination. Measurements of chlorophyll content have been reported as a useful
physiological tool to assess the extent of heavy metal damage [2]. Cd, Pb and Hg are noted in the
literature for affecting chlorophyll production in microalgae. As noted in Carfagna et al. (2013),
visible damage was assessed in chloroplast and thylakoid membranes, with a respective
photosynthetic efficiency loss. A decrease in chlorophyll synthesis can likewise be attributed to
the heavy metals reactivity and disruption in plants’ photosynthetic mechanisms.
As the first, basal unit for aquatic food chains, the bioaccumulation of heavy metals
presents an environmentally relevant threat to many ecosystems. The entry of metal ions into a
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cell is mediated by interactions with functional groups and polymers present at the cell wall, as
well as the hijacking of metal-ion transport proteins [40]. Environmental factors such as
bioavailability, pH, and redox state of the metals are contributing to the extent to which they
aggregate in the cell.
1.4 Effects of metals on C. reinhardtii
C. reinhardtii has been the subject of numerous studies in heavy metal tolerance and
homeostasis [30, 21, 23, 16, 26]. C. reinhardtii exhibits a high resemblance to single cells from
higher plants. Thus, its studies are relevant to higher plants. The effects of heavy metals in C.
reinhardtii’s physiology and biochemistry are like those experienced by microalgae.
Heavy metal ions inhibit the growth and chlorophyll synthesis in C. reinhardtii [30].
Growth inhibition rates vary depending on the metal. C. reinhardtii treated with 250 µM CuSO4
were found to be significantly inhibited, although an acclimatization was detected at the 5th day
of treatment. Chlorophyll fluorescence parameters decreased correspondingly with growth
inhibition, however, they recovered at higher levels than the control at 50 and 150 µM CuSO4
[23]. In contrast, morphological injury was detected in C. reinhardtii treated with Cu, including
cellular aggregation as well as a loss of chlorophyll content [35]. It should be noted that Cu is an
essential heavy metal with a biological role in photosynthetic electron transport proteins [28]. A
similar acclimation in Cu tolerance was reported in the microalgae Pseudokirchneriella
subcapitata after growth for seven days [5]. This supports the idea that higher concentrations of
specific heavy metals can induce growth and photosynthetic defects in C. reinhardtii, at specific
concentrations.
Mercury induces considerable phytotoxic effects on C. reinhardtii’s growth [16]. HgCl2
has been reported to inhibit cell growth at 1 mg/L, and result in near total cell death at 10 mg/L
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[48]. Lead, in concentrations ranging from 1-20 µM is noted for reducing photosynthetic
efficacy, as well as inducing cellular ultrastructural alterations [20]. Cadmium effects on C.
reinhardtii have garnered considerable attention not only due to Cd’s phytotoxicity, but also due
to Cd’s role in the regulation of C. reinhardtii’s metal exposure responses [16, 4, 43]. Cd can
enter the cell through natural resistance associated macrophage proteins (Nramp) transporters
and ZIP transporters [4]. Cadmium import into the cell has also been related to sulfate intake in
C. reinhardtii [11]. As with Hg and Pb, Cd’s phytotoxicity is due to its reactivity and generation
of oxidative stress in the cell environment. C. reinhardtii subjected to 50-100 µM Cd2+ resulted
in reduced growth rates, a marked 70% loss in chlorophyll content, and an increase in lipid
peroxidation [38].
In evaluating biological parameters in C. reinhardtii treated with heavy metals, growth
medium composition may have an effect in the cells response to the metals. TAP medium
contains both phosphate anions and EDTA; agents known to sequester metals, thereby reducing
their bioavailability [4]. Jiang et al. (2016) utilized C. reinhardtii specimens grown in trisacetetate-phosphate (TAP) media. Acetate has been described as capable of alleviating
photosynthetic stress, with the cell incorporating it into its glyoxylate or citric acid cycle, under
photosynthesis impairment [44]. The reported recovery in growth and increase in reparation,
described by Jiang et al. (2016) could also be attributed to this effect [17]. Similar experiments,
utilizing minimal media, with a decreased concentration of chelating agents and acetate could
illustrate a more accurate assessment of the biochemical and physiological responses by C.
reinhardtii to heavy metals.
1.5 C. reinhardtii’s response to metal stress
Certain molecular defenses against the threat of heavy metals have evolved and
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developed in plants and animals. Algal organisms possess several endogenous heavy metal
defense mechanisms such as decreased metal uptake, upregulation of heavy metal-binding
proteins as well as sequestration of metals in insoluble complexes [31, 45, 9]. In C. reinhardtii,
the primordial line of defense against heavy metals is the cell wall. The cell wall displays a high
affinity towards metallic cations, and wall-less mutants commonly exhibit greater sensitivity
towards metals than their walled counterparts [10, 26]. Inside the cell, heavy metals are
compartmentalized in vacuoles, allowing the cell to control the cytoplasmic metallic
concentration, and neutralizing the heavy metal toxic effect [43].
A more coordinated approach towards combating heavy metal in cells is the synthesis of
thiol-containing peptides. The general mechanism of these molecules is their chelating ability,
acting as ligands to heavy metals, and are then compartmentalized and/or sequestered [9]. A
widely documented defense against heavy metals, specifically their oxidative influence, is
glutathione. [45, 9, 8, 27]. Glutathione is a tripeptide consisting of glutamate linked to cysteine
via a gamma peptide linkage, and a normal peptide linkage to glycine [9]. Glutathione is reported
as being the most abundant low-molecular peptide in mitochondrial-bearing eukaryotes [45].
Additionally, its role in plants heavy metal detoxification is well documented [45]. Glutathione is
not encoded, rather synthesized via two ATP-dependent enzymatic reactions [27, 45].
Glutathione-deficient mutants have been reported as being hypersensitive to Cd [45].
Metallothioneins and phytochelatins are two families of low molecular weight thiol-containing
peptides with known roles in heavy metal sequestering and compartmentalization [9, 8, 15]. The
metallothionein gene family is genetically encoded while phytochelatins are enzymatically
synthesized from a glutathione or similar substrate by the action of phytochelatins synthase
enzymes [8]. The biosynthesis of these two peptides is induced by heavy metal stress [43]. In C.
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reinhardtii, Cd and Cu have been reported to be potent inducers of phytochelatins, and as such
are designated as a heavy metal detoxifying defense mechanism [1, 42].
1.6 C. reinhardtii in phytoremediation
The removal of heavy metals from the environment is an arduous task. While they can
be transformed, there is no biological or chemical mechanism for degrading metals in biological
systems. With the continuous development of biotechnology, the potentials of
hyperaccumulators may be greatly improved through specific metal gene identification and its
transfer in certain promising species [49]. This can play a significant role in the extraction of
heavy metals from the polluted soils and water. C. reinhardtii has recently garnered scientific
interest in the context of heavy metal detoxification due to its broad range of heavy metal
resistance and tolerance [6]. This species can sequester a wide array of trace metals including Pb,
Cd, and Hg [42, 40]. C. reinhardtii’s ample metal-binding capacity stems from the chemical
composition of its cell wall. Of the glycoproteins present in the C. reinhardtii cell wall, 1-4%
(g/g) are reported to have a sulfated-oligosaccharide moiety which is known to have a high
metal binding affinity [34]. In complex with the cell wall, these metals no longer constitute a
biological risk.
C. reinhardtii bioaccumulates metals intracellularly. This is a characteristic that has
made this alga as a potential phytoremediating agent [29]. As previously described, the import of
heavy metal ions upregulates the synthesis of thiol-containing peptides, which complex with
metals. The metal-sulfide complexes are highly insoluble, and thus would no longer be
bioavailable. Regarding phytoremediation as a means to bioremediate heavy metal contaminated
areas, C. reinhardtii is considered by researchers as an optimal candidate. Heavy metal removal
technologies involving eukaryotic microalgae have been developed and employed in
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decontamination and have been successful in removing inorganic nutrients [42]. A Chlorella
strain and a Scenedesmus strain were reported to have a Cr 6+ removal efficiency of 48% and
31%, respectively [39]. C. reinhardtii is expected to exhibit similar responses as other eukaryotic
microalgae, based on the wealth of knowledge available regarding its molecular mechanism of
heavy metal sequestering.
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CHAPTER II
MATERIALS AND METHODS
2.1 C. reinhardtii culturing
C. reinhardtii strains cc4425 (WT) and cc5013 (mutant) were obtained from the
Chlamydomonas Resource Center in the University of Minnesota. Cells were maintained as
stocks in 1.5% TAP (Tris-acetate-phosphate) media, stored at room temperature and replated
every week. Liquid culture were grown in 50 mL of TAP medium by using two loopfuls of cells
for inoculation. Culture flasks were placed in an orbital shaker (VWR DS2-500-1) at 130 rpm.
Period of growth were determined depending on the experimental analysis, and media
replacements were done every 4-5 days.
2.2 Bioaccumulation analysis
C. reinhardtii strains were cultured in liquid media until an OD650 of 0.8 +/- 0.05 using a
Spectronic Genesys 8 spectrophotometer and an orbital shaker (VWR). An absorbance of OD650
0.8 has been calibrated to be equal to 1.0-3.0 x 106 cells/mL (log phase in C. reinhardtii) [24,
59]. Results from preliminary experiments established the sub-lethal cadmium concentration of
cc4425 and cc5013 at 10 µM. In this regard, cells were harvested and cultured in media treated
with CdCl2 at concentrations of 0 µM and 10 µM (0 ppb and 1830 ppb) to a final volume of 150
mL. Two different growth media were used: an acetate minimal media (Min media) and a
diluted, by a factor of ¼, TAP media. Phosphorus has been reported as reducing the
bioavailability of free metal ions due to its chelating character, in this regard, TAP media was
diluted [30]. Similarly, an acetate minimal media was used in order to determine what
differences exist in C reinhardtii limited to photosynthesis with restricted respiration. Treatment
scheme is described in Table 2.1:
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Table 2.1
Bioaccumulation treatment scheme: Treatments employed per replicate in the experiment.
Strain
cc4425

0 ppb CdCl2

1830 ppb CdCl2

1/4X TAP

1/4X TAP

1/4X TAP

1/4X TAP

Min

Min

Min

Min

cc5013

1/4X TAP

1/4X TAP

1/4X TAP

1/4X TAP

cc5013

Min

Min

Min

Min

cc4425

*Three replicates were performed, “Min” refers to the acetate-minimal, photoautotrophic medium.
Metal treatment flasks were washed in 1% HNO3 to prevent metal cross-contamination
between replicates. Treatment period were 4 days. At the 4th day, cells were equilibrated at
OD650 0.8 and harvested by centrifugation at 3000 rpm for 10 minutes. Pellets were desiccated at
100°C, and either frozen at -80°C or used for downstream analysis. Dry pellets were acidified
with 5 mL of HNO3, incubated for 20 minutes, and digested in a MARS 6 microwave following
machine’s internal protocol for plant material. Following digestion, samples were diluted 1:10,
and analyzed for Cd utilizing a Varian Agilent series ICP-OES. Three replicates were conducted
with 2 trials per replicate.
To analyze data an analysis of variance associated with a 2 x 2 x 2 factorial experiment in
randomized complete block design was performed. The factorial arrangement of treatments was
the result of two levels of strain (cc5013, cc4425), two levels of media (1/4X TAP and Min), and
two levels of cadmium concentration (0 ppb and 1830 ppb). To compare significant main and
interaction effects, a post-hoc test in the form of comparing least squares means was performed
using PROC GLM of the SAS 9.4 statistical software. To further explore the nature of
significant interaction between media and concentration, a t-test comparing concentration levels
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was performed for each media level. The usual levels of type-I error rates were used (i.e., * if p
<.05, ** if p<.01 and *** if p<.001).
2.3 Flow cytometry analysis
Table 2.2
Flow cytometry treatment scheme: Treatments employed per replicate in the experiment.
CdCl2 Concentration

cc4425

cc5013

0µM

2 trials

2 trials

5µM

2 trials

2 trials

10µM

2 trials

2 trials

*Two replicates were performed

Cells were grown in liquid TAP to an OD650 0.4, after which the cells were subjected to
their respective metal treatments (Table 2.2). Cd treatments, in 1/4X TAP consisted of 50 mL
final volume. Instrument readings were taken at 24 hour intervals post inoculation for a duration
of 96 hours. Treatment flasks were prepared and cultured in replicate, one of them serving as the
sampling culture flask, and the other as the supplemental culture flask. 900 µL of sampling
culture flask were taken, and was supplemented from supplemental culture flask. In order to
maintain the CdCl2 concentration, and prevent concentration of the supplemental culture flask,
450 µL of a 250 µM CdCl2 solution were administered to the supplemental culture flask.
Samples were diluted 5:1 in saline. Three replicates were performed per concentration per strain
per day. Measurements were taken using a Cytek DxP8 FACSCalibur™ Flow Cytometer
(488/561/405 nm solid-state lasers), acquiring 10,000 events, measuring fluorescence of
chlorophyll by BLUFL 1-4 at 400, 450, 300, and 350 nm, respectively. Photographic
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documentation was also kept, detailing the progression of the treatment flasks in the 96-hour
replicates.
To analyze data an analysis of variance associated with a 2 x 3 x 4 factorial experiment in
randomized complete block design was performed. The factorial arrangement of treatments was
the result of two levels of strain (cc5013, cc4425), three levels of cadmium concentration (0 µM,
5 µM, and 10 µM), and four levels of days (1, 2, 3, and 4). To compare significant main and
interaction effects, post-hoc tests in the form of comparing least squares means were performed
using PROC GLM of the SAS 9.4 statistical software. The usual levels of type-I error rates were
used (i.e., * if p <.05, ** if p<.01 and *** if p<.001).
2.4  

Overexpression of CIA7 in C. reinhardtii
Cloning approaches have been reported as an effective method for studies in algal gene

characterization [13, 41, 16, 14, 24]. Faithful inheritance patterns with consistent phenotypic
characteristics have been reported in C. reinhardtii transformants [24].
2.4.1 Cloning of CIA7 in Escherichia coli and screening of CIA7-bacterial transformants
Cloning of the C. reinhardtii CIA7 gene was first done utilizing the overexpression vector
pMALc5X (NEB) in Escherichia coli.

The goal was to isolate the CIA7 gene from the

pMALc5Xcia7 construct and subclone the gene into the C. reinhardtii vector pSL72. This strategy
allowed for the rapid generation of the CIA7 insert without having to amplify a wild type copy
prior to cloning into pSL72.
Genomic DNA extracted from C. reinhardtii strain cc4425 (WT) following a standard
phenol/chloroform/isoamyl alcohol method, was amplified via PCR to generate multiple copies
of CIA7 (Fig 2.1). During the PCR reaction, CIA7 was hybridized with BamHI and XmnI (NEB)
restriction sequences, primers utilized are shown in Table 2.3. Following agarose gel excision
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and purification, CIA7 was cloned at the BamHI (cohesive) and XmnI (blunt) sites of vector
pMALc5X. Ligation products were transformed into competent E. coli (NEB 10-beta) cells.
Table 2.3
List of primers used to amplify CIA7 from cc4425 genomic DNA.
Primers
pMaCia7-F-XmnI
p72Cia7-R-BamHI

Sequence
5'- GGG AAG GAT TTC AAT GCA GAC
GGC CTT CCG -3'
5'- CGG GAT CCA TGT CAA TCT GAA
TCC G -3'

ATGCAGACGGCCTTCCGTGGGC
AGACCGCCTGTGCTCTCCGCACCGTGCTGCGCCCATCGCCACTTGCGGGCAGCCTCGCGC
GGCCCGTGGCGCGGCCTCTACGCGTGGAAAGCAAAAAGGgtaagtccttggagacactag
tagcgcgggcctggcttggcagtgaagaatgcgacgcggtattttgctgccggcctcagc
gcgagcggtcgcgtgtgttgttttgagatgcgcattgggtcaattggcatatcgggaaca
tgggggaatgaaagggctgtctggacgcgtacgtgtgctgggtatgcgtggccgcacaca
cgcgtggagcttaggggcgggcgctgccgggcgcggctgcctcggcacttggcagcgact
tataagcggacttgcacgcgcaaatcccgctgcaccaaaattaactggtggactacagat
acattggccacttctgttgctagagaggcgccagggttgtgaggcggtcctcgaggcccc
acggctgcacgccttcatcgcaacgtcaagcagctcccctgggctcggctttcaagtcag
ctctccttgcggccgtgcagGTGATAACCGAGGCAAGGCAGTCGCAAAGGAGAACCTGCC
CACAAAGgtaagcgcacgcacacgacgtgcgtgtgtgcagacggcgactaccggaccgct
cactggagtccaaaggatgcctgcttccatccgctgccctttctccaaggacgtcatgct
cacagatgctgcgcaaacacctctagctggtggccccctgcttatcaaccccctcggtcc
ctccatcaatcccctcttaaccctcctaatcccccctcgtccccagGTGTGCGCCACGTG
TGGCCTGCCCTTCACCTGGCGCAAGAAGTGGGAGAAGGTGTGGGACGAGGTCAGgtgagg
caggcgcgcatcgacatcccctccttcccaaacacccgattgccgcatcctacgtgagtg
ccacggcaacggggcactgtgtaactgttacgcctctgtgtgtgaaagcacgtgcgcgcc
tgacgcctccttagGTACTGCTCGGACCGCTGCCGCGGCAACCGCGGCAAGTCGGCTGCT
GCTGCGGGCGCGCCTGGATCGGATTCAGATTGACAT

Figure 2.1 - CIA7 genomic sequence. Sequence highlighted in yellow indicate primer
annealing sites. Exons are capitalized, while introns are in lowercase.
Bacterial transformants that were generated in our laboratory using the protein
overexpression vector pMALc5X were screened to determine transformants that harbored the
CIA7 gene. Bacterial clones were incubated in liquid media overnight, subsequently pelleting the
cells at 13,200 rpm for 5 minutes at room temperature (Eppendorf). Cell pellets were either frozen
at -20°C for later experiments, or immediately mini-prepped for plasmid purification. Plasmid
purification was carried out using Qiagen’s QIAprep Spin Miniprep Kit and eluted with warm
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(approx. 70°C) Millipore water. Analysis of plasmid was done by agarose gel electrophoresis
utilizing 1X TAE buffer and 0.8% agarose, to a final gel volume of 50 mL. Ethidium bromide was
used to visualize the DNA under UV light.

Figure 2.2 - Vector map, indicating the presence of CIA7 in pMALc5Xcia7, denoting relevant
restriction sites (XmnI, BamHI), and maltose binding protein (MBP). Included, but not shown,
are: origin of replication ColE1 and ampicillin resistance gene AmpR.

Restriction enzyme digest was carried out in order to assess the successful ligation of CIA7
to pMALc5X (Fig 2.2). Restriction enzymes used were XmnI (NEB), and BamHI (NEB). Final
reaction volume were 25 µL, consisting of 2 µl of plasmid DNA (100-200 ng/µL), 0.5 µl of
enzymes, and NEB CutSmart (10X) buffer, based on enzyme compatibility as determined by NEB
software. Reaction was incubated for 24 hours at 37°C to ensure that DNA was digested
completely. Further verification screening was carried out by PCR amplification, amplifying
pMALc5Xcia7 with CIA7 primers.
2.4.2 Bacterial culturing
Bacterial cultures were grown on LB-Amp (10mg/mL) agar plates overnight at 37°C, and
stored at 4-8 °C. Plates were re-streaked every month. Liquid cultures were prepared by
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inoculating 2 mL LB-Amp (10 mg/mL) culture tubes with single colonies. Incubations were
carried out overnight for 16-18 hours. Glycerol stocks (80%) of all clones were maintained at 80°C.

Fig 2.3 - NEB generated restriction enzyme digest banding patterns of pSL72 and pSL72cia7.
From left to right: BamHI-digestion of pSL72, BamHI-digestion of pSL72cia7, BamHI and
EcoRV-digestion of pSL72, and BamHI and EcoRV-digestion of pSL72cia7

2.4.3 Restriction enzyme digests and DNA clean-up
Vector pSL72 was designated as vector for cloning CIA7 in C. reinhardtii. The vector
pSL72 encodes an antibiotic resistant gene, AphVIII. This gene confers paromomycin resistance
to C. reinhardtii. The vector’s promoter region is C. reinhardtii’s constitutively expressed
chloroplastic protein (PSAD). Vector pSL72 was digested by BamHI (NEB) and EcoRV (NEB)
(Fig 2.3). Plasmid pMALc5Xcia7 (source of CIA7) was digested using BamHI (NEB) and XmnI
(NEB). EcoRV and XmnI created blunt ends. BamHI created a complementary cohesive end in
both vectors. Reaction volumes and incubation times followed the same protocol as the
restriction enzyme digest analyses. Digested products were resolved in agarose gels by
electrophoresis, at a final concentration of 0.8% agarose concentration.
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Linearized pSL72 and CIA7 fragments were excised from the gel under low power UV
light. The DNA was purified from the gels with kit NucleoSpin® Gel and PCR Clean-up by
Macherey-Nagel. Modifications included in the protocol included: 1) extra two washing steps,
in order to increase purity and reduce levels of chaotropic salts, 2) incubation, prior to elution, at
70°C, to evaporate residual ethanol from wash, and 3) elution with Millipore water at 70°C.
Concentrations and purity of DNA were determined with the aid of a NanoDrop 2000 (Thermo
Scientific).
2.4.4 Ligation
Ligation protocol followed NEB’s T4 DNA Ligase Ligation protocol utilizing T4 DNA
Ligase Buffer (10X) and a molar ratio of insert to vector of 1:6. Ligation reaction was incubated
overnight at 16°C, and enzymatic activity was heat-inactivated at 65°C for 10 minutes. Ligation
products were either immediately used for downstream applications or stored at -20°C.
2.4.5 Bacterial transformation to generate pSL72cia7 construct
The ligation mixture was directly used for bacterial transformation. Transformation
protocol followed the competent E. coli (NEB 10-beta) protocol. One microliter of ligation
product was added to competent cells, and a 200 µL aliquot of culture (without dilution) was
inoculated to selection plates, subsequent incubation for 24 hours at 37 °C. Plasmids were miniprepped from the bacterial transformants and were screened for the presence of the CIA7 insert
by restriction
enzyme analysis.
2.4.6 Eukaryotic transformation
Eukaryotic transformation was carried out by electroporation, following methodology by
Pollock et al. (2017) [60]. WT (cc4425) C. reinhardtii strains were grown on 100 mL of TAP
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media until log phase (OD650=0.8), subsequently transferred to a volume of 1 L of TAP media,
24 hours prior to electroporation. Cells were then collected through centrifugation at 3500 rpm
and resuspended to a cell density of 2 x108 cells/mL in Tap + 60 mM sorbitol. 1 µg of NotIlinearized pSL72cia7 was added to 250 µL of cells in a 0.4 cm electroporation cuvette. The
mixture was incubated 15 minutes in ice. This was then subjected to a capacitance of 25 µF, 800
V with no shunt resistor (∞) using the Bio Rad Gene Pulser XcellTM. Pulse time averaged
between 11-14 ms. The cells were allowed to recover in 10 mL TAP + 60 mM sorbitol
overnight. Cells were then harvested by centrifugation for 1 minute at 3,500 rpm and
resuspended with remaining TAP-sorbitol after decanting supernatant. Cells with a density of
approximately 6 x 107 (estimated based on the initial density of the culture and volume of cells
aliquoted) were plated onto TAP plates treated with paramomycin to a final concentration of 5
µg/mL.
2.4.7 Screening and preliminary characterization of C. reinhardtii transformants
The initial screening of transformants was verified through paromomycin resistance as
conferred by the AphVIII gene. To preliminary determine increased Cd2+ tolerance in the CIA7
overexpressing transformants, a tolerance assay was designed in which the transformants were
streaked in differential TAP+Cd2+ (0 µM, 25 µM, and 50 µM CdCl2) agar plates, and observed for
phenotypical differences. The hypothesis is: overexpressing CIA7 in cc4425 will increase Cd
tolerance, the transformants are likely to exhibit a healthier phenotype than the respective parental
strain, as evidenced by green colonies as opposed to pale green when subjected to Cd2+ stress.
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CHAPTER III
RESULTS AND DISCUSSIONS
3.1 Comparison of Cd2+ bioaccumulation between cc4425 and cc5013
Intracellular metal accumulation has been reported as an indicator of metal tolerance [50,
51, 52]. In the present study, a Cd2+ bioaccumulation experiment was performed to determine the
potential metal tolerance role of CIA7. The mechanisms of metal tolerance in C. reinhardtii are
dependent on metal concentration, availability of nutrients as well as the general health of the
cell. Cd2+ bioaccumulation, for example, occurs once the concentration of the metal reaches
critical levels sufficient to both saturate the binding capabilities of the cell wall, and hijack the
transport proteins of essential metals with similar redox characteristics (i.e., Zn2+) [4]. In the
cytosol, the metals are sequestered by metallothioneins, phytochelatins and glutathione,
rendering them insoluble, inert, and biologically unavailable. This cycle of metal endocytosis
and cytosolic chelation partly attributes to C. reinhardtii’s high tolerance to metals.
CIA7 is hypothesized to confer metal tolerance to C. reinhardtii. The hypothesis is that a
non-functional CIA7 will be indicated by increased levels of Cd2+ bioaccumulation in the
mutant, (cc5013) compared to the wild-type strain, cc4425. WT, capable of expressing CIA7, is
hypothesized to have a higher tolerance to cadmium, and by extension decreased cadmium
bioaccumulation. This bioaccumulation experiment aimed to investigate the interactions
between the in vivo activity of CIA7 in differential Cd2+ concentrations (0 and 1830 ppb), in
either a mixotrophic (1/4X TAP) or photoautotrophic (Min) growth media. Data was analyzed
statistically following a 2x3 factorial design with repeated measurement analysis of the variance
model (Table 3.1).
The factorial arrangement of treatments was the result of two levels of strain
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(cc5013, cc4425), two levels of media (1/4X TAP and Min), and two levels of cadmium
concentration (0 ppb and 1830 ppb).
Table 3.1
Analysis of variance associated with a 2 x 2 x 2 factorial experiment in randomized complete
block design.
Source

DF

Type III SS

Mean Square

F Value

Pr > F

Block
Strain
Concentration

2
1
1

20329.0174
579.1123
60614.1177

10164.5087
579.1123
60614.1177

5.17
0.29
30.82

0.0103
0.5905
<.0001

Strain * Concentration

1

573.0788

573.0788

0.29

0.5925

Media
Strains * Media
Media * Concentration

1
1
1

38596.8205
527.8482
38480.4418

38596.8205
527.8482
38480.4418

19.63
0.27
19.57

<.0001
0.6074
<.0001

Strain * Media * Concentration

1

540.5140

540.5140

0.27

0.6032

No significant statistical difference was established between Cd2+ bioaccumulation in
cc4425 and cc5013, regardless of growth media. In 1/4X TAP, cc4425’s Cd2+ content was
measured as 128.63 ppb +/- 93.42, and cc5013’s as 155.83 ppb +/- 101.32 (p<.6). In Min,
cc4425’s Cd2+ content was measured as 28.63 ppb +/- 3.54, and cc5013’s as 29.14 ppb +/- 2.44
(p<0.5905) (Fig 3.1). A statistically significant difference was determined in the media by
concentration effect (p<.0001) (Table 3.2).
Although the results are not indicative of a statistically significant correlation, the
observations are nevertheless interesting. Due to the lack of cc5013 characterization studies and
CIA7’s as-of-yet unknown function, it is difficult to predict what metabolic and physiological
changes Cd2+ exposure could cause, and in which range. From the experimental data gathered in
the present study, however, it is possible to draw conclusions.
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Eukaryotic microalgae such as C. reinhardtii are very tolerant to heavy metals. However
their high tolerance capabilities are not parallel to their uptake capabilities.
Table 3.2 Results of the test comparing significant interaction between media and concentration.
Concentration (ppb)

DF

Sum of

Mean Square

F Value

Pr > F

Squares
0

1

0.043930

0.043930

0.00

0.9963

1830

1

77077

77077

39.19

<.0001

160

*

140

Cd2+ measured	
  (ppb)

120
100
80
60
40

*

20
0
1/4X	
  TAP	
  
0

1/4X	
  TAP	
  
10

Min	
  0

Min	
  10

Fig 3.1 – Comparison of least squares means exploring the significant interaction between media
and concentration. A t-test comparing concentration levels was performed for each media level.
The * denotes significant difference between 2 treatments.
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In an experiment by Leborans et al. (1995) a long exposure time (>96 hours) of the
eukaryotic microalgae O. luteus to Cd2+ (4.45µM) showed a decrease in uptake capabilities
compared to a short exposure time (24 hours). This observation was attributed as a function of
increasing toxicity of the metal towards the cell as well as decreased biomass upon prolonged
exposure to the toxicant.
In this study, cc4425 and cc5013 were treated with Cd2+, 1830 ppb final concentration.
Following a 96-hour exposure, intracellular Cd2+ content was less than 10% of the total Cd2+
bioavailable. Due to similarities between this study and that by Leborans et al. (1995), both
including similar Cd2+ concentrations, prolonged exposure time, and the organism, it could be
argued that the apparent lack of difference in terms of Cd2+ tolerance amongst cc4425 and
cc5013 could be a result of the very well documented phytotoxic effects of Cd2+, reducing the
uptake capabilities of both strains at 96 hours. A shorter exposure time could therefore offer
more conclusive results of a CIA7-mediated tolerance mechanism to Cd2+, supporting the present
hypothesis of higher bioaccumulation in cc5013 than in cc4425.
The Cd2+ measurements in this study reflect total intracellular cadmium content. While
this is a reported indicator of tolerance towards metals, it doesn’t accurately reflect the extent of
the cellular detoxification of the metal. Within the cell, cadmium could reside bound as a
complex with a metallothionein or a phytochelatins or bound to a cysteine-containing
metalloprotein, or the photosynthetic apparatus (i.e., chlorophyll). As previously described, the
synthesis of metallothioneins and phytochelatins are a tolerance mechanism for metals, and as
such the metals bound to these peptides would have been detoxified by the cell. The present
protocol included an acid digestion step which solubilized all metals in the sample, thereby
including in the measurement both the Cd2+ that the cell could detoxify as well as the Cd2+ bound
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to biological molecules. A study whereby Cd2+ complexed to proteins could be quantified could
offer a more precise insight into a possible decrease in cadmium tolerance because of a nonfunctional CIA7 gene in cc5013 rather than total bioaccumulation from the whole cell’s biomass.
A statistically significant effect could be determined in this study based on the used
growth media and the Cd2+ concentration (p<.0001). The usage of TAP in C. reinhardtii metal
studies has been noted in the literature [30]. As a nutritional-rich growth media, the composition
of TAP could potentially influence the cell response towards a toxicant (i.e., metals). As
described in the material and methods section, the acetate present in TAP growth media could
potentially shield C. reinhardtii from the phytotoxic effects of cadmium, particularly
photosynthesis impairment, as it could be integrated into the energy metabolic pathways of the
cells. This experiment was designed to differentiate the effects of mixotrophic culturing (acetate
containing) and photoautotrophic culturing (acetate depleted) with respects to CIA7 and Cd2+
tolerance and bioaccumulation. Total Cd2+ content from cc4425 and cc5013 in Min media at
1830 ppb CdCl2 was measured as 28.63 ppb ± 3.54 and 29.14 ppb ± 2.44, respectively. There
was no statistical difference in total Cd2+ content between the two strains (p<0.5905). Nagel et al.
(1995) reported a Cd2+ tolerant and a Cd2+ sensitive C. reinhardtii strains that showed no
difference in Cd2+ uptake or Cd2+ complex formation with metallothioneins and phytochelatins,
but rather showed difference in their metabolism. They proposed that Cd2+ tolerance was
dependent, at least partly, to an increase in acetate consumption, evidenced by the impairments
in C. reinhardtii’s vitality in a photoautotrophic growth environment. It was reasoned in Nagel et
al. (1995) that the biochemical or metabolic adaptations leading to an increase in Cd2+ tolerance
resulted in heavy photosynthetic impairments, obligating the cell to upregulate carbohydrate
metabolism as a means of energy, resulting in acetate overconsumption. In this study, the OD650
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measurements (indicators of chlorophyll fluorescence) at 96 hours were consistently lower for
cc4425 and cc5013 in Min than in 1/4X TAP, indicating a similar effect as that observed by
Nagel et al. (1995). Based on that, this study provides evidence that in cc4425, the hypothesized
CIA7-mediated cadmium tolerance mechanism may impair the photosynthetic machinery, and
therefore require an exogenous catabolite supply to maintain the tolerance.
3.2 Determination of cell growth, cell viability, and chlorophyll content in cc4425 and cc5013
Flow cytometry was used in this study to assess differences in cell size as well as
chlorophyll intensity between the WT (cc4425), and the mutant (cc5013) in the presence of Cd2+.
Literature evidence suggests that toxic heavy metals may induce deleterious damage to the
metabolism and physiology of C. reinhardtii’s, and thus it was the aim of this experiment to
determine if there were any physiological (chlorophyll intensity) and/or morphological (cell size)
differences between cc4425 and cc5013 in the presence of Cd throughout 96 hours [54]. Since
flow cytometry analyzes cells individually, this technique offers more relevant information,
particularly when studying different strains of the same organism. Flow cytometry analyses in
metal studies with C. reinhardtii are relatively scarce. Therefore, this study, will also provide a
framework for future, related studies.
Cell cultures cc4425 and cc5013 were treated with 0, 5, and 10 µM CdCl2 at midlog
phase (OD650=0.4). Samples were analyzed at 24 h time points for a duration of 96 hours via
flow cytometry. At each time point, an equal volume of cells from parallel flasks, cultured under
the same conditions were added to the treatment flasks. This was done to maintain a consistent
metal concentration throughout the experiment, and to avoid nutritional deficits. Chlorophyll
intensity was determined by utilizing lasers (BluFL 1-4) at wavelength filters: 530/30 nm (Fig
3.2), 590/20nm (Fig 3.3),
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Fig 3.2 – Flow cytometric histogram displaying shifts in geomean chlorophyll fluorescence
intensities as recorded by BluFL1 (530/30 nm) during 0-96 h.
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Fig 3.3 – Flow cytometric histogram displaying shifts in geomean chlorophyll fluorescence
intensities as recorded by BluFL2 (590/20 nm) during 0-96 h.
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Fig 3.4 – Flow cytometric histogram displaying shifts in geomean chlorophyll fluorescence
intensities as recorded by BluFL3 (695/40 nm) during 0-96 h.
695/40 nm (Fig 3.4), and 780/60 nm (not shown). Cell size was determined as a function
of the forward scatter signal (FSC) (Fig 3.5).
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Fig 3.5 – Flow cytometric histogram displaying FSC densities as recorded during 0-96 h.
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The goal of this study was to analyze differences in chlorophyll intensity and cell size
throughout a 96-hour period in the presence of cadmium in two strains of C. reinhardtii, cc4425
(WT) and cc5013. Cadmium treatment concentrations were determined from a preliminary
study, in which both 5 and 10 µM CdCl2 were shown to be sublethal concentrations of the
strains.
From experimental results, the cadmium was determined to exert a significantly different
effect on both strains as measured by BluFL1, BluFL2, and BluFL3 (p<.05) (Fig. 3.6). No
statistical difference was found by BluFL4 (p<.17) (Fig 3.6). Differences within strains were not
statistically significant.

A

C

Fig 3.6 – cc4425 (1) and cc5013’s (2) chlorophyll intensity signals as measured by BluFL1
(A, 530/30 nm), BluFL2 (B, 590/20 nm), BluFL3 (C, 695/40 nm), and BluFL4 (D, 780/60
nm) in the presence of CdCl2 at 0, 5, and 10 µM concentrations. Error bars indicate 95%
confidence intervals. Statistical analyses of measurements are displayed in Tables 3.3-3.6,
respectively.

B

D
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From experimental results, the cadmium was determined to exert a significantly different
effect on both strains’ cell size as determined by the FSC (Fig 3.7).

Fig 3.7 – cc4425 (1) and cc5013’s (2) forward scatter signal (FSC) in the presence of CdCl2 at 0,
5, and 10 µM concentrations. Error bars indicate 95% confidence intervals. Statistical analysis of
measurements is displayed in Table 3.7.
A statistically significant difference was established between cc4425 and cc5013,
however not within the strains (Tables 3.3-3.6). Although a statistically significant difference
was not established, an empirical trend within strains was clearly observed. At the control
treatment, cc4425 exhibited a lower chlorophyll signal than cc5013 using filters BluFL1 and
BluFL2, whilst a similar chlorophyll signal at BluFL3. For all the three filters, a similar trend
was observed, as the cadmium concentration increased, chlorophyll intensity increased for
cc4425, while chlorophyll intensity decreased for cc5013 (Fig. 3.6).
The findings from this study are comparable to C. reinhardtii strain 11-32a, reported by
Jamers et al. (2013). C. reinhardtii strain 11-32a was treated with CdCl2 at 5 and 100 µM. They
reported that after 72 hours, chlorophyll intensity was higher in the 5 µM treatment than in the
control (p<.01).
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Table 3.3
ANOVA table of results from a 2x3 factorial experiment with repeated measures for BluFL1
(530/30 nm) values
Source
DF
Type III SS
Mean Square F Value Pr > F
Block
1
152.7861
152.7861
0.04
0.8455
Strain
1 273808.2613 273808.2613
69.86
<.0001
Concentration
2
16389.2543
8194.6271
2.09
0.1498
Strain * Concentration
2
40062.2105
20031.1053
5.11
0.0161
Days
3
64728.8227
21576.2742
5.51
0.0064
Strains * Days
3
99815.5127
33271.8376
8.49
0.0008
Days * Concentration
6
35030.1538
5838.3590
1.49
0.2321
Strain * Days *
6
32136.3046
5356.0508
1.37
0.2756
Concentration
Table 3.4
ANOVA table of results from a 2x3 factorial experiment with repeated measures for BluFL2
(590/20 nm) values
Source
Block
Strain
Concentration
Strain * Concentration
Days
Strains * Days
Days * Concentration
Strain * Days *
Concentration	
  

DF
1
1
2
2
3
3
6
6	
  

Type III SS
Mean Square F Value Pr > F
20.54821
20.54821
0.19
0.6703
98565.19622 98565.19622 895.44
<.0001
2145.82652
1072.91326
9.75
0.0011
2451.17208
1225.58604
11.13
0.0006
1071.61218
357.20406
3.25
0.0436
1796.49294
598.83098
5.44
0.0067
1366.00000
227.66667
2.07
0.1032
1379.10296	
  
229.85049	
  
2.09	
  
0.1004	
  

Table 3.5
ANOVA table of results from a 2x3 factorial experiment with repeated measures for BluFL3
(695/40 nm) values
DF
Type III SS
Mean Square F Value Pr > F
Source
Block
1
588031.54
588031.54
0.55
0.4660
Strain
1 15563995.46 15563995.46
14.62
0.0011
Concentration
2
3340620.45
1670310.23
1.57
0.2328
Strain * Concentration
2
9738520.22
4869260.11
4.57
0.0231
Days
3 13579951.89
4526650.63
4.25
0.0177
Strains * Days
3 16091012.84
5363670.95
5.04
0.0092
Days * Concentration
6
4322209.83
720368.31
0.68
0.6700
Strain * Days *
6
4299179.05
716529.84
0.67
0.6727
Concentration

32
Table 3.6
ANOVA table of results from a 2x3 factorial experiment with repeated measures for BluFL4
(780/60 nm) values
Source
DF
Type III SS
Mean Square F Value Pr > F
1
9357158.9
9357158.9
0.55 0.4671
Block
1
1638651.3
1638651.3
0.10 0.7596
Strain
2
9332333.8
4666166.9
0.27 0.7631
Concentration
2
66894608.7
33447304.4
1.96 0.1664
Strain * Concentration
3 320570302.6 106856767.5
6.28 0.0035
Days
3 237382099.9
79127366.6
4.65 0.0127
Strains * Days
6
89252619.8
14875436.6
0.87 0.5314
Days * Concentration
6 117336821.6
19556136.9
1.15 0.3716
Strain * Days * Concentration
Similarly, chlorophyll intensity was found to decrease after 72 hours at 100 µM. In the
reported effect of cadmium on chlorophyll intensity by Jamers et al. (2013), the present study
provides supporting evidence of a possible trend in increasing chlorophyll intensity at sublethal
cadmium concentrations of 5 and 10 µM CdCl2. Similarly, the chlorophyll intensity trend is
supported by Perales-Vela et al. (2007). In the latter study, the effect of copper concentration
below the EC50 on microalgae, Scenedesmus incrassatulus were reported as increases in
chlorophyll intensity at sublethal Cu concentrations, and a decrease in chlorophyll intensity as
the Cu concentration increases. The trend is further supported by El-Sheekh et al. (2007), in
which they report a parallel trend on metal exposure and chlorophyll intensity at .1-.5 ppm cobalt
exposure in Monoraphidium minutum and Nitzchia perminuta.
In a statistically significant contrast, cc5013 displayed a decrease in chlorophyll intensity,
proportional to cadmium concentration increase. This negative trend in chlorophyll intensity
might be indicative of heavy metal toxicity, from which cc5013, whose CIA7 gene has been
disrupted, might be more susceptible to cadmium damage than cc4425, which exhibits similar
effects to another C. reinhardtii WT. A possible mechanism for the phenomenon reported in
cc5013 is offered by Kupper et al. (1996), in which they report a decreases in chlorophyll
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intensity because of cadmium substituting magnesium in chlorophyll, leading to a decrease in
chlorophyll intensity. The apparent absence of this phenomenon in cc4425 might be, at least in
part, by the biological activity of CIA7. This difference in the strains suggests that CIA7’s
biological activity could indeed play a role in cadmium tolerance. Furthermore, the chlorophyll
fluorescence trends reported herein in the presence of Cd2+ are supported by observations of
Nagel et al. (1995), which reported increased photosynthesis in a Cd2+ tolerant strain in the
presence of low cadmium concentrations and the opposite in a Cd2+ sensitive strain. In Nagel et
al. (1995) it was shown that the tolerance to cadmium was dependent on a photosynthetic
increase associated to minimal cadmium as well as the availability of acetate, conditions similar
to this experiment.
Table 3.7
ANOVA table of results from a 2x3 factorial experiment with repeated measures for FSC values
Source
Block
Strain
Concentration
Strain * Concentration
Days
Strains * Days
Days * Concentration
Strain * Days * Concentration

DF
1
1
2
2
3
3
6
6

Type III SS
73729933
6833018155
200821693
917167779
1728984054
1614275755
537732696
510891929

Mean Square
73729933
6833018155
100410847
458583890
576328018
538091918
89622116
85148655

F Value
0.94
87.47
1.29
5.87
7.38
6.89
1.15
1.09

Pr > F
0.3429
<.0001
0.2984
0.0099
0.0016
0.0023
0.3722
0.4019

A similar empirical trend in the strains was observed in cell size as measured by the FSC.
Again, the effect of cadmium on cell size was determined to be statistically significant between
strains (p<.01) (Table 3.7), however not within strains. The trend observed in cell size is partly
supported by similar findings in Jamers et al. (2013), in which at 5 µM Cd2+ after 72 hours
treatment, cells were bigger than the control group (p<.05). Furthermore, the trend reported in
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this study is likewise partly supported by Franklin et al. (2001) findings on the effect of Cu in
microalgae: S. capricornutum and Chlorella sp. In the same study, it was argued that increases in
cell size in treatment with Cu were due to an increase in Na+ uptake or the uncoupling of cell
growth and cell division.
The statistically significant difference in cc5013’s chlorophyll fluorescence as well in
size in the presence of cadmium is a possible indicator of a different cellular response to metal
stress than that elicited in cc4425, possibly due to the absence of a functional CIA7 gene.
Cadmium’s photochemical quenching effects are noted in the literature [54], as well as its effect
on the cell morphology [58]. The data on the differences in chlorophyll fluorescence and size in
cc5013 was found to support the hypothesis of a possible role by CIA7 in heavy metal tolerance.
Chlorophyll fluorescence and cell size are biological parameters of cell’s health, and their
marked deterioration in cc5013 in the presence of Cd2+ seems to indicate that the bioactivity of
CIA7 may impart enhanced metal tolerance to cadmium, as evidenced by cc4425 differing cell
responses. As mentioned above, the acetate present in the 1/4X TAP composition may shield the
organism from the deleterious effects of the metal, and as such, the integration of an acetatedepleted (Min) growth media variable into the experimental design could more accurately
demonstrate a CIA7-induced tolerance to cadmium.
3.3 Overexpression of CIA7 in C. reinhardtii
3.3.1 Cloning of CIA7 in E. coli and screening of Cia7-bacterial transformants
Cloning of the C. reinhardtii CIA7 gene was first done utilizing the overexpression vector
pMALc5X (NEB) in E. coli. This allowed easier production of the DNA insert prior to cloning
in the C. reinhardtii vector pSL72.
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Bacterial transformants were screened for insert presence via restriction enzyme digests,
PCR, and gel electrophoresis. As shown in Fig. 3.13, plasmids mini-prepped from transformants
were digested with the same enzymes used to clone CIA7 in vector pMALc5X (BamHI and
XmnI-NEB) and amplified with the same primers used to amplify CIA7 from genomic DNA
(Table 2.3). After digestion and gel electrophoresis, the presence of a 5.6 and 1.2 kb DNA bands
were indicative of the vector (5.6 kb) and insert (1.2 kb) as seen in Fig. 3.8. These corresponded
to the theoretical masses of these fragments as predicted by the NEB software (Figure 3.11). The
absence of the 1.2 kb band was indicative of an unsuccessful ligation and absence of the CIA7
insert. A 1.2 kb amplicon was indicative of a successful PCR reaction, as seen in Fig. 3.9. There
were 4 bacterial clones that showed the presence of the CIA7 insert. The presence of the 1.2 kb
CIA7 insert was shown in clones A13, A16, A21, and A26 and the CIA7 insert was absent in
clone A22 (Figure 3.11).
1
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5

6

5.6 kb
1.2 kb

Figure 3.8 -Screening the presence of CIA7 insert in bacterial transformants. (Left) NEB
generated gel resolution of digested pMALc5Xcia7 with BamHI and XmnI. (Right) BamHI and
XmnI digestion of bacterial transformants. Lane 1: 1kb, lane 2: A13, lane 3: A16, lane 4: A21,
lane 5: A22, and lane 6: A26. This figure indicates the presence of the 1.2 kb CIA7 insert in
clones A13, A16, A21 and A26 and the absence of the insert in A22.
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Figure 3.9 – PCR amplification of CIA7 from A16, A21 and A26. Lane 1: 1 kb, lane 2: Neg.
control, lane 3: blank, lane 4: A16 (trial 1), lane 5: A16 (trial 2), lane 6: A21 (trial 1), lane 7:
A21 (trial 2), lane 8: blank, lane 9: A26 (trial 1), lane 11: A26 (trial 2).
A subcloning strategy was chosen in this study to generate the CIA7 insert over obtaining
a wild type copy from cc4425 due to the following: 1) the availability of a bacterial vector
carrying a CIA7-fragment, and 2) the compatibility of the insert’s restriction sites with C.
reinhardtii vector pSL72.
3.3.2 Generation and preliminary characterization of C. reinhardtii transformants containing
CIA7
An in vivo approach method was developed to determine the functional role of CIA7.
An insertional mutagenesis approach was designed in generating a C. reinhardtii CIA7
overexpressing strain cc4425 transformants. When overexpressed, CIA7 was hypothesized to
increase cadmium tolerance. In C. reinhardtii, the generation of transformants through an
insertional mutagenesis approach has been successfully reported in heavy metal tolerance studies
[31]. This approach is particularly useful due to its generation of multiple, stable clones whose
phenotypes can be analyzed and characterized via molecular biology applications. The vector
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pSL72 was used in this experiment due to its strongly upregulated PSAD promoter. As shown in
Fig 3.10, both the paromomycin resistant gene AphVIII and CIA7 are under control of the PSAD
promoter, as such resistance to paromomycin is an indicator of the pSL72cia7 cassette being
successfully integrated, and expressed.

Fig 3.10 – Vector map, indicating PSAD’s regulatory control on downstream CIA7 in
pSL72cia7 construct, as well as relevant restriction enzyme sites. Included but not shown
are: ampicillin resistance gene AmpR.
The pSL72cia7 construct was transformed into competent E. coli cells (Figure 3.11) and
plasmids were isolated and purified from bacterial transformants (Figure 3.12).

Fig 3.11- Bacterial transformation of pSL72cia7 ligation products, treatment and experimental
controls. Left to right, top to bottom: treatment, (-) ligase control, vector + ligase (-) insert,
BamHI control (-) ligase, EcoRV control (-) ligase, BamHI control (+) ligase, EcoRV control
(+) ligase, transformation (+) control, transformation (-) control.
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Fig 3.12 – Plasmids purified after bacterial transformation with pSL72cia7 ligation products.
Lane 1: MW ladder, Lanes 2-6: bacterial clones transformed with pSL72cia7 (clones
designated as A1-A5) lane 2: A1, lane 3: A2, lane 4: A3, lane 5: A4, lane 6: 5. Clone A4’s
difference in migration (see lane 5) indicates the possible presence of the insert, and therefore
was subjected to restriction enzyme analysis.

Section 3.3.1 presented the successful cloning of CIA7 using the vector pMALc5x in E.
coli. Thus, CIA7 was isolated from pMALc5Xcia7 (the engineered construct) via enzymatic
digestion with BamHI (cohesive) and XmnI (blunt) (Fig. 3.13).
1

6 kb
5 kb

1.5 kb
1 kb

2

3

4

5

5.6 kb

1.2 kb

Fig 3.13 – Gel electrophoresis of pMALc5Xcia7 BamHI and XmnI digest, prior to gel excision
of insert CIA7 from gel. Vector is indicated by the 5.6 kb DNA on lanes 2-5 band, while CIA7
insert is indicated by the 1.2 kb DNA band on lanes 2-5.
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The vector pSL72 was digested by BamHI and EcoRV (blunt). Insert and digested vector
after purification (Fig. 3.14) were ligated following a standard protocol with modifications.
Plasmids that were isolated and purified from bacterial transformants were screened via
restriction enzyme digests to assess their banding patterns, as predicted by the NEB software.
Restriction enzyme digests analyses were performed as follows: (1) single digest using BamHI,
resulting in a 6.2 kb band for pSL72cia7 and a 5.2 kb band for pSL72 (Fig 3. 15) (2) double
digest using BamHI and EcoRV, resulting in a 6.2 kb band for pSL72cia7 and a 5.0 and 0.4 kb
(not visible) band for the vector only, psL72 (Fig 3.15), (3) double digest using XbaI and ScaI,
resulting in a 4.5 and 1.7 kb band for pSL72cia7, and a 3.8 and 1.7 kb band for vector only,
pSL72 (Fig 3.16),

1
5 kb
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3

1

2

3

4

5

5 kb

1.5 kb
1 kb

1.2 kb

Fig 3.14 – Analysis of purified DNA (vector and insert) post gel excision. Left: Gel image
showing in lanes 2-3 purified pSL72 vector (5 Kb) double digested using EcoRV and BamHI
and Right: Gel image showing in lanes 1-4 the 1.2 kb purified and double digested using XmnI
and BamHI CIA7 insert.
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Fig 3.15 – Results of restriction enzyme digest to verify presence of insert in bacterial
clone, A4. Lane 2, BamHI digestion, Lane 3, BamHI digestion of pSL72, Lane 4, BamHI
and EcoRV digestion of A4, Lane 5, BamHI and EcoRV digestion of pSL72, Lane 6,
XbaI and ScaI digestion of A4, Lane 7, XbaI and ScaI digestion of pSL72. Plasmids in
lanes 3 and 5 were not digested to completion, these reactions were replicated
independently (not shown).
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Fig 3.16 - NEB projected digest images compared to gel results. A) XbaI and ScaI digest of
A4, complementary to Lane 6. B) XbaI and ScaI digest of pSL72, complementary to Lane 7.
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and (4) double digest using BamHI and XmnI, resulting in a 2.9, 1.7 and 1.6 kb bands for
pSL72cia7 (Fig 3.17).
1 2

2.9 kb
1.6 kb

1.7 kb

Fig 3.17 – Results of BamHI and XmnI digests comparing bacterial clone, A4 plasmid to
pSL72 with CIA7’s NEB-projected digest results. Lane 2 displays the expected banding
pattern of pSL72 with the insert CIA7.

The concentration of paromomycin used as selective marker in the C. reinhardtii
transformation with pSL72cia7 (Fig 3.18) was optimized in a tolerance assay (not shown).
XmnI/
EcoRV

PPSAD

AphVIII

BamHI

cia7

NotI

T

PSAD	
  Terminator

Fig 3.18 – Linearized pSL72 with insert CIA7 used to generate C. reinhardtii transformants with
relevant restriction sites denoted
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The concentration of 5 µg/mL (Fig 3.19) was adequate to kill the untransformed cells, and
permit colonization by the transformed cells. After 7-10 days of growth, approximately 200 C.
reinhardtii colonies were picked with sterile pointed toothpicks and maintained on TAP + 5 µg/mL
paromomycin (Fig 3.20). Transformants’ were subsequently screened in a preliminary Cd2+
tolerance assay, from sublethal concentrations previously determined (Fig 3.21).

Fig 3.19 –C. reinhardtii (cc4425) transformed with linearized pSL72 confers paromomycin
(AphVIII) resistance (5 µg/mL paromomycin). Plate on the left shows cc4425 cells transformed
with the linearized pSL72. Plate on the right shows cc4425 cells transformed with 0 DNA, cells
did not survive on plates with 5 µg/mL paromomycin.

Fig 3.20– Plates with C. reinhardtii (cc4425) + pSL72cia7 transformants maintained on TAP + 5
µg/mL paromomycin.
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Fig 3.21 – Preliminary Cd2+ tolerance assay of cc4425 and cc5013 to establish sublethal Cd2+
tolerance.
From this preliminary analysis, it is evident that an operational CIA7-overexpression
system was created, as verified via restriction enzyme digest analyses, and that its transformation
in C. reinhardtii is plausible, as evidenced by the conferred paromomycin resistance. Based on the
directional cloning of CIA7 on the vector, the expression of AphVIII is an indicator that CIA7 is
likewise being expressed (Fig 3.18). From the preliminary cadmium tolerance screen conducted
(Fig 3.22), 5 transformants were shown to display a healthier (green) phenotype as compared to
the parental cc4425 strain (Fig 3.23), thereby designating them as candidates for further screening.
A confirmatory sequence analysis of the pSL72cia7 vector should follow, to verify that the correct
coding sequence of CIA7 is in the engineered construct. This will be followed by the generation
of more transformants (more or less 1,000 transformants). The transformants exhibiting an
increased tolerance to cadmium should be subsequently analyzed via PCR to verify the successful
insertion of CIA7.
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Fig 3.22 – C. reinhardtii (cc4425) + pSL72cia7 transformants replica plated in differential CdCl2
concentrations to preliminarily screen them for increased cadmium tolerance.

cc4425

Fig 3.23 – Selected C. reinhardtii (cc4425) + pSL72cia7 transformants displaying a
healthier phenotype when exposed to 50µM CdCl2 as compared to cc4425.
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CHAPTER IV
CONCLUSIONS AND RECOMMENDATIONS
Eukaryotic microalgae have evolved numerous mechanisms to attenuate the deleterious
effects of heavy metal contamination. In C. reinhardtii, these include but are not limited to: 1) cell
wall immobilization, 2) efflux mechanisms, and 3) cytosolic chelation by thiol-containing peptides
(metallothioneins and phytochelatins). These adaptations confer a relatively high heavy metal
tolerance, and thus C. reinhardtii has been a model organism for heavy metal studies. Heavy metal
contamination poses an environmental hazard, and the elucidation of mechanism of tolerance
could be very relevant in developing techniques and strategies for attenuating this. In a WT C.
reinhardtii strain cc4425 a novel gene, CIA7, is hypothesized to play a role in heavy metal
tolerance due to its conserved homology to several bacterial metal-binding proteins as well as the
conserved cysteine-rich motifs of the protein it codes for. In this study, Cd was employed as the
metallic xenobiotic agent in comparative studies ranging from bioaccumulation, chlorophyll
fluorescence and cell size between a WT strain, and a cia7-strain. Additionally, an insertional
mutagenesis strategy was devised to preliminarily establish if the overexpression of CIA7 would
result in differences towards Cd tolerance compared to the parental strain.
The results from the comparative analysis in this study indicate that cia7- (cc5013) is more
sensitive to Cd2+ than the WT (cc4425) with a functional CIA7 gene. Neither cc4425 nor cc5013
displayed a statistically significant difference in Cd2+ bioaccumulation at 1830 ppb CdCl2,
however, a statistically significant interaction between Min media (absence of acetate) and Cd2+
was observed, leading to the hypothesis that a CIA7-mediated role in metal tolerance in cc4425
could require a supplemental catabolite because of diminished photosynthetic efficiency, as
reported in the literature. Furthermore, the presence of a catabolite could potentially shield the
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detrimental effects of the metals, as observed in this study. It was established that cc5013 was
subjected to an increased photochemical quenching in the presence of Cd2+ as compared to cc4425.
This could be attributed, at least partly, to Cd2+ substituting Mg2+ in the porphyrin group of
chlorophylls. cc5013’s cell size differences in the presence of Cd2+ was also different from cc4425.
This could be attributed, at least partly, to an uncoupling of cell growth and cell division due to
heavy metal stress. A CIA7-overexpressing system was developed in this study, as verified by
restriction enzyme digests, and its transformation in C. reinhardtii is successfully reported. A
preliminary cadmium tolerance assay of the transformants shows that phenotypical differences are
observable, supporting its potential use in studying CIA7’s role in metal tolerance.
In determining a role of CIA7 in heavy metal tolerance, additional experiments are
required. Intracellular Cd2+ bioaccumulation should be assessed in cc4425 and cc5013 challenged
to higher concentrations of cadmium over a shorter period of time (6-12h), this to provide a more
dynamic analysis of the extent of metal accumulation with fewer generational gaps. In addition, a
parallel experiment under the same conditions should be done to establish if the bioaccumulated
Cd2+ is free and toxic or has been detoxified by the cell. This could be accomplished with an
analytical technique such as gel filtration chromatography followed by HPLC analysis. In
establishing a relationship between a catabolite supply and a CIA7-mediated tolerance to metals,
the flow cytometry experiment described in this study should be repeated utilizing Min media to
observe if the physiological responses of cc4425 and cc5013 differ. Sequence analysis of
pSL72cia7 should be conducted to confirm the presence of CIA7. To further characterize CIA7’s
hypothetical role in metal tolerance, a complementation of cc5013 with pSL72cia7 should be
conducted, to establish if the overexpression of CIA7 could increase metal tolerance.
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